1. Introduction {#s0005}
===============

Maintenance of normal structure and function of tissues and organs requires complicated cell-to-cell and cell-to-matrix interactions. These interactions occur at the special contact sites called cell junctions, which include tight junctions (TJs), adherens junctions (AJs) and gap junctions (GJs) [@bib1], [@bib2], [@bib3], [@bib4]. TJs seal the cells together and serve as a physical barrier to prevent solutes and water passing through the para-cellular space. AJs mechanically link cell to its neighboring cells or extracellular matrix, thus contributing to the maintenance of tissue integrity and cell morphology. GJs allow the intercellular exchange of small molecules, which is indispensable for the control of tissue hemostasis and coordination of multicellular functions. Disruption of cell junctions has been reported in many pathophysiological situations and has been shown to be critical involved in the initiation and development of many diseases, including infection, inflammation and tumor.

Cell junctions are composed of the transmembrane proteins and intracellular components. TJs consist of transmembrane protein occludin, claudin and the cytoplasmic scaffolding ZO proteins [@bib1], [@bib2]. AJs are built from transmembrane protein cadherin and intracellular catenin proteins [@bib5]. GJs are formed by transmembrane protein connexin (Cx), the c-terminal of which interacts with ZO-1 and other cytoskeleton proteins [@bib6], [@bib7]. Besides their distinct roles, these junctions also function as a signaling platform, regulating cellular processes, such as differentiation, growth and migration, through interactions with actin cytoskeletal elements, kinases and phosphatases [@bib2], [@bib8].

The assembly and disassembly of cell junctions are tightly regulated in an orchestrated way. The mechanisms involved are complicated and multiple [@bib1], [@bib2], [@bib3], [@bib4]. Numerous studies indicate an existence of the coordinated inter-regulation among junctional proteins. For examples, AJs have been documented to be requisite for formation of TJs and GJs. Antibody against adherens junction proteins prevented the assembly of TJs [@bib9], [@bib10], and GJs [@bib11], [@bib12]. On the other hand, deletion of TJ protein ZO-1 disrupted cadherin-dependent AJs [@bib5] and interfered with the formation of functional GJs [@bib13]. It is conceivable that GJs might also regulate TJs and AJs. However, the evidence supporting this notion is still limited.

GJs are clusters of transmembrane channels that permit the direct exchange of ions, secondary messengers, and small signaling molecules among adjacent cells. Each GJ channel is composed of two hemichannels that reside in the plasma membrane of two closely apposed cells. Each hemichannel is made of six connexins (Cxs). Currently, more than 20 different isoforms of Cx have been identified. Among them, Cx43 is the most extensively investigated one because of its predominant and ubiquitous expression in almost all the cell types. Cx channels regulate many aspects of cell functions. Most of the effects are mediated by gap junctional intercellular communication (GJIC) between adjacent cells. Under certain conditions, the non-junctional hemichannels are activated, which also affects cell phenotypes through permitting exchange of molecules between the inside and outside of the cell [@bib3], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19].

Several considerations promoted us to speculate that GJs, especially Cx hemichannels, might contribute to the disassembly of cell junctions. First, cell junctions are in close proximity to each other in polarized cells. They all linked to scaffolding and cytoskeletal proteins [@bib20]. The change of one type of junction may affect the others. Second, modulation of GJs or its forming proteins activate several important signaling molecules, including those critically involved in the control of cell junctions, such as src and MAP kinases [@bib8], [@bib21], [@bib22], [@bib23]. Third, the stimuli that activate hemichannels, such as depolarization of the membrane potential, hypoxia, metabolic inhibition, inflammation, change of intracellular and extracellular Ca^2+^, as well as cellular redox status [@bib3], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], are also report to induce the disassembly of cell junctions. Fourth, several lines of evidences indicate that GJs regulate oxidative stress [@bib15], [@bib19], [@bib29], [@bib30], [@bib31], whereas oxidative stress is one of the major mechanisms behind the dysfunction of cell junctions under many different pathological situations [@bib32], [@bib33], [@bib34], [@bib35]. It is, therefore, highly probable that Cx channels regulate cell junctions. This study was designated to address this speculation.

Here we present our finding that Cx43 hemichannels regulate cell junctions, cytoskeleton organization, and cell shape through modulation of intracellular oxidative status.

2. Materials and methods {#s0010}
========================

2.1. Reagents {#s0015}
-------------

GSH-Glo™ assay kit was purchased from Promega (Madison, WI). Heptanol, lindane, suramin, Lucifer Yellow (LY), SB203580, SP600125, glutathione (GSH), N-acetyl-cysteine (NAC), and all other chemicals were obtained from Sigma (Tokyo, Japan). Antibodies against ZO-1, p38, JNK and β-actin were obtained from Cell Signaling (Beverly, MA).

2.2. Cells {#s0020}
----------

Normal rat tubular epithelial cell line NRK-E52 was purchased from ATCC. The cells were maintained in Dulbecco\'s Modified Eagle\'s medium (DMEM, Gibco-BRL, Gaithersburg, MD) supplemented with 5% fetal bovine serum (FBS).

Mouse embryonic fibroblasts were derived from the fetal offspring of mating pairs of heterozygous Cx43 knock-out mice (B6, 129-*Gjal*-tm 1 Kdr^-/-^; The Jackson Laboratory, Bar Harbor, ME) using a method described previously [@bib15]. Briefly, both mouse forelimbs were taken from fetuses at day 18 of gestation, minced, and digested in DMEM/F-12 containing 0.1% collagenase for 30 min. Freed cells were collected and cultured in DMEM/F-12 medium containing 15% FBS. Cells at passages 5--15 were used for this study. Genotypes of individual mice were determined by PCR. The difference in expression of Cx43 and gap junctional intercellular communication among Cx43^+/+^, Cx43^+/−^ and Cx43^−/−^ cells has been characterized and described in our previous reports [@bib15], [@bib36]. The culture of mouse fibroblasts was performed with the approval of the Animal Care Committee of the University of Yamanashi.

2.3. Exposure of cells to normal and Ca2+-free condition {#s0025}
--------------------------------------------------------

For comparison of cell responses under normal and Ca^2+^-free conditions, cells were exposed to Ca^2+^-free DMEM (Gibco-BRL, catalogue number 21,068) with or without supplementation of 1.8 mM Ca^2+^.

2.4. Immunofluorescent staining of ZO-1 and F-actin {#s0030}
---------------------------------------------------

Cells cultured in 16-well chamber slide were stimulated with various stimulants as described in the results. Cells were fixed with 3% formaldehyde and permeabilized with 1% Triton X-100. For staining of ZO-1, cells were incubated overnight with anti-ZO-1 antibody. After rinsing with PBS, cells were incubated with the appropriate secondary antibody for 2 h. For staining of F-actin, cells were exposed to Texas Red-X phalloidin for 1 h. After washing, the slides were covered with Tris-buffered moviol and visualized using an Olympus inverted fluorescence microscope and the fluorescent images were captured using a CCD-camera attached to the microscope.

2.5. Western blot analysis {#s0035}
--------------------------

Total cellular protein was extracted by suspending the cells in sodium dodecyl sulphate (SDS) lysis buffer together with freshly added proteinase inhibitor cocktail (Nacalai tesque, Kyoto, Japan). Lysates were incubated on ice for 30 min with intermittent mixing and then centrifuged at 12,000 rpm for 10 min at 4 °C in an Eppendorf centrifuge. The supernatant was recovered and the protein concentration was determined using the Micro BCA Protein Assay Kit (The Thermo Scientific Pierce, Rockford, IL). Western blot was performed using the enhanced chemiluminescence system. Briefly, extracted cellular proteins were separated by 10% SDS polyacrylamide gels and electrotransferred onto polyvinylidine difluoride membranes. After blocking with 3% bovine serum albumin in PBS, the membranes were incubated with primary antibody for 1.5 h at room temperature or at 4 °C overnight. After washing, the membranes were probed with horseradishperoxidase-conjugated anti-rabbit or -mouse IgG antibody (Cell Signaling, Beverly, MA), and the bands were visualized by using the enhanced chemiluminescence system (Nacalai Tesque, Kyoto, Japan). The chemiluminescent signal was captured with a Fujifilm luminescent image LAS-1000 analyzer (Fujifilm, Tokyo, Japan) and quantified with the Image J software (<http://rsb.info.nih.gov/ij>). To confirm equal loading of proteins, the membranes were probed for β-actin.

2.6. Measurement of transepithelial electrical resistance (TER) {#s0040}
---------------------------------------------------------------

The NRK-E52 cells were cultured on 0.33 cm^2^ cell culture inserts with 0.4 µm pore size (Millipore) to form monolayers. TER was measured with a Millicell electrical resistance system (Millipore, Bedford, MA) using the protocol provided by the manufactory. TER was calculated from the measured voltage and normalized by the area of the monolayer. The background TER of blank Transwell filters was subtracted from the TER of cell monolayers.

2.7. Treatment of cells with siRNA {#s0045}
----------------------------------

NRK-E52 cells were transiently transfected with siRNA specifically targeting Cx43 (Mm-Gja1--2 HP siRNA; Qiagen, Tokyo, Japan) or a negative control siRNA (AllStars Negative Control siRNA) at a final concentration of 20 nM using Hyperfect transfection reagent.

2.8. Evaluation of cell morphology using calcein-AM {#s0050}
---------------------------------------------------

Calcein-AM was used to facilitate the evaluation of cell morphology. Briefly, cells were exposed to Ca^2+^-free medium in the presence or absence of the related agents for the indicated time intervals. Afterwards, cells were loaded with 100 nM calcein-AM for 1 h at 37 °C in culture medium. After washing once with the culture medium, the fluorescent image was visualized and captured using an Olympus inverted fluorescence microscope equipped with a standard green fluorescence cube.

2.9. Assessment of protein oxidation {#s0055}
------------------------------------

The oxidative modification of proteins was evaluated by OxyBlot Protein Oxidation Detection Kit (EMD Millipore, Billerica, MA) following the manufacturer\'s manual, as described previously [@bib29]. Briefly, the protein lysate was prepared by suspending the prewashed cells in SDS lysis buffer (62.5 mM Tris-HCl, 2% SDS, 10% glycerol) together with freshly added proteinase inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and 50 mM DTT. Five microliter of protein sample in Eppendorf tubes was denatured through mixing with same amount of 12% SDS. Afterwards, the samples were derivatized by adding 10 μl of 1× DNPH (2,4-dinitrophenylhydrazine) solution to each tube. After incubation at room temperature for 15 min, 7.5 μl of neutralization solution was added and the samples were subjected to Western blot analysis.

2.10. Dye uptake assay {#s0060}
----------------------

The presence of functional hemichannels was evaluated by the cellular uptake of LY, as described previously [@bib15], [@bib19]. Briefly, cells were exposed to culture medium containing 0.1% LY for 15 min. Afterward, cells were rinsed and fixed with 3% paraformaldehyde. Immunofluorescence images were captured using a CCD camera attached to an Olympus inverted fluorescence microscope.

2.11. ATP measurement {#s0065}
---------------------

ATP was measured using a luciferin/luciferase bioluminescence assay kit (Molecular Probes, Eugene, OR). The intensity of chemiluminescent signal was determined by a luminometer (Gene Light 55; Microtech Nition, Chiba, Japan) as described previously [@bib15], [@bib19].

2.12. GSH measurement {#s0070}
---------------------

Cells at confluent culture in 96-well culture plates were exposed to Ca^2+^-free medium for 30 min. The supernatants were collected for measurement of extracellular GSH level using a GSH-Glo GSH Assay kit from Promega according to the manufacturer\'s instruction [@bib15]. In brief, culture supernatants were mixed with equal volume of pre-prepared GSH-Glo reagent and placed at room temperature for 30 min. Thereafter, detection reagent containing luciferin was added and incubated for 15 min. Luminescence was read using a luminescence plate reader.

2.13. Statistical analysis {#s0075}
--------------------------

Values are expressed as mean ± SE. Comparison of two populations was made using Student\'s *t*-test. For multiple comparisons with a single control, one-way analysis of variance (ANOVA) followed by Dunnett\'s test was employed. Both analyses were carried out using SigmaStat statistical software (Jandel Scientific, CA, USA). *P*\<0.05 was considered to be a statistically significant difference.

3. Results {#s0080}
==========

3.1. Cx43 hemichannels contribute to Ca^2+^ depletion-elicited disassembly of cell junctions {#s0085}
--------------------------------------------------------------------------------------------

To determine the role of Cx channels in the disassembly of cell junctions, we first established the model of cell junction disassembly by removal of extracellular Ca^2+^. Exposure of renal tubular epithelial cell NRK-E52 to Ca^2+^-free medium led to a time-dependent disassembly of cell junctions, as revealed by the reduction or disappearance of ZO-1 at cell-to-cell contact region by IF staining ([Fig. 1](#f0005){ref-type="fig"}A), and the reduced level of pan-cadherin ([Fig. 1](#f0005){ref-type="fig"}B). Analysis of epithelia barrier function through measurement of TER revealed that removal of extracellular Ca^2+^ led to a time-dependent reduction in TER ([Fig. 1](#f0005){ref-type="fig"}C).

We have previously documented that Ca^2+^ depletion activates Cx hemichannels [@bib19], [@bib37]. To determine the potential role of hemichannels in the regulation of cell junctions, we treated cells with hemichannel inhibitors. As shown in [Fig. 2](#f0010){ref-type="fig"}A, the disappearance of ZO-1 between cell contact regions was largely prevented by heptanol and lindane. These inhibitors also prevented the reduction in Pan-cadherin and TER caused by Ca^2+^ depletion ([Fig. 2](#f0010){ref-type="fig"}B and C).

In further support of a role of Cx channels, we treated cells with siRNA against Cx43, the functional Cx expressed in NRK-E52 cells [@bib38]. Downregulation of Cx43 with siRNA delayed the disappearance of pan- and E-cadherin, and the dysfunction of epithelial barriers ([Fig. 2](#f0010){ref-type="fig"}D and E).

Cx43 siRNA and chemical inhibitor lindane and heptanol disrupt both intercellular gap junction channels and hemichannels [@bib15], [@bib19], [@bib29], [@bib31], [@bib37], [@bib39]. To determine the role of hemichannels, we used suramin, a general P~2~X and P~2~Y inhibitor that blocks Cx hemichannels without great influence on intercellular gap junctional channels [@bib37]. [Fig. 2](#f0010){ref-type="fig"}F shows that suramin also greatly prevented the reduction of Pan-cadherin initiated by the removal of calcium. These results indicate that Cx43 hemichannels contribute to Ca^2+^ depletion-triggered dysfunction of epithelial barriers.

To further establish the role and to explore the molecular mechanisms involved in the effect of Cx channels, we cultured fetal forearm fibroblasts from Cx43 wild-type (Cx43^+/+^), heterozygous (Cx43^+/-^) and knockout (Cx43^−/−^) littermates and compared their responses to Ca^2+^ depletion. Of note, we have reported that these cells expressed different levels of Cx43 and displayed different capacity in GJIC and hemichannel activity [@bib15], [@bib36]. Incubation of fibroblasts in Ca^2+^-free medium resulted in cell shape change, as evidenced by the appearance of round and loosely attached cells ([Fig. 3](#f0015){ref-type="fig"}A). Examination of cell cytoskeleton through phalloidin staining of F-actin revealed that F-actin was aggregated and disorganized in Cx43^+/+^ cells ([Fig. 3](#f0015){ref-type="fig"}B). Western blot analysis of pan-cadherin showed that Cx43^+/+^ cells exhibited the severest loss of pan-cadherin ([Fig. 3](#f0015){ref-type="fig"}C). These results indicate that the disassembly of cell adherens junctions is severer in Cx43-positive fibroblasts (Cx43^+/+^, Cx43^+/−^) than that in Cx43^−/−^ fibroblasts.

In further support of a role of Cx43 hemichannels, treatment of Cx43-positive fibroblasts with Cx channel inhibitor, heptanol and lindane, largely prevented Ca^2+^ depletion-elicited changes in cell morphology and pan-cadherin ([Fig. 3](#f0015){ref-type="fig"}D and E). These observations suggest that Cx43 hemichannels play a crucial role in the disassembly of cell junctions.

3.2. Cx43 hemichannels control Ca^2+^ depletion-triggered protein tyrosine phosphorylation and carbonyl modification {#s0090}
--------------------------------------------------------------------------------------------------------------------

Given that protein tyrosine phosphorylation plays a key role in the control of cell junction integrity, cytoskeleton organization and cell shape [@bib40], [@bib41], [@bib42], we, therefore, examined the influence of Cx43 channels on tyrosine phosphorylation. Removing extracellular Ca^2+^ in Cx43^+/+^ fibroblasts caused tyrosine phosphorylation of several proteins at the molecular weight around 75, 130 and 180 kDa. Intriguingly, the intensity of the peak phosphorylation appeared to be closely correlated with the amount of Cx43, being the strongest in Cx43^+/+^ cells and weakest in Cx43^−/−^ cells ([Fig. 4](#f0020){ref-type="fig"}A). In support of an involvement of Cx43 channels in the regulation of protein phosphorylation, inhibition of Cx43 channels with heptanol or lindane caused a reduction in tyrosine phosphorylation ([Fig. 4](#f0020){ref-type="fig"}B).

Because oxidative stress is one of the major mechanisms behind the disruption of cell junctions [@bib22], [@bib43], [@bib44], we therefore examined level of protein carbonyls, an important and immediate biomarker of oxidative stress. As shown in [Fig. 4](#f0020){ref-type="fig"}C, exposure to fibroblasts to Ca^2+^-free medium led to an obvious increase in protein carbonyl modification, which was more dramatic in Cx43^+/+^ fibroblasts than Cx43^-/-^ cells. Similar to the situation of protein phosphorylation, Cx channel inhibitor heptanol and lindane also blunted protein carbonyl modification ([Fig. 4](#f0020){ref-type="fig"}D). These results thus indicate an existence of Cx43 channel-mediated regulation of protein tyrosine phosphorylation and carbonyl modification.

3.3. P38 and JNK participate in Cx43-mediated disassembly of TJs/AJs {#s0095}
--------------------------------------------------------------------

To investigate the signal mechanisms involved in Cx43 channel-mediated regulation of cell junctions, we focused on p38 and JNK, two oxidative sensitive kinases known to be pivotally involved in the regulation of a wide range of cell behaviors [@bib32], [@bib45], [@bib46]. As shown in [Fig. 5](#f0025){ref-type="fig"}A, removal of extracellular Ca^2+^ led to an increased phosphorylation of p38 and JNK, which was far more pronounced in Cx43^+/+^ fibroblasts than that in Cx43^−/−^ cells. In support of a role of Cx43 channels in regulation of the kinases, inhibition of the channel activity in Cx43^+/+^ cells with heptanol or lindane abolished the activation of P38 and JNK ([Fig. 5](#f0025){ref-type="fig"}B). These results indicate Cx43 participates in the control of Ca^2+^ depletion-elicited activation of P38 and JNK.

Several previous studies have shown that MAPK plays an important in regulation of cell junctions [@bib32], [@bib45], [@bib46], [@bib47]. To determine their roles in our experimental settings, we inhibited p38 and JNK with SB203580 and SP600125, respectively. As expected, these chemicals pronouncedly inhibited Ca^2+^ deprivation-induced disassembly of cell junctions, as revealed by the better cell shape, F-actin arrangement, and protein level of pan-cadherin ([Fig. 5](#f0025){ref-type="fig"}C-E). These observations indicate that Ca^2+^ deprivation-triggered disassembly of cell junctions is through Cx43-dependent activation of p38 and JNK.

3.4. Ca^2+^ depletion activates Cx43 hemichannels and causes efflux of GSH {#s0100}
--------------------------------------------------------------------------

To investigate the mechanism in Cx43-mediated disassembly of TJs/AJs, we focused on Cx43 hemichannels, which was reported to be activated under low Ca^2+^ condition [@bib19], [@bib37]. LY uptake assay showed that there was an influx of LY into Cx43-positive Cx43^+/+^ and Cx43^+/−^ fibroblasts ([Fig. 6](#f0030){ref-type="fig"}A) subsequent to the removal of extracellular Ca^2+^. This influx was largely prevented by hemichannel inhibitor heptanol and lindane. It was also suppressed by suramin, a recently reported hemichannel inhibitor that suppresses hemichnnels with no effects on intercellular GJs ([Fig. 6](#f0030){ref-type="fig"}B) [@bib37]. Consistently, Cx43-bearing cells released significantly more ATP than Cx43-null cells (Cx43^−/−^) under Ca^2+^-free condition, which was preventable by hemichannel inhibitors ([Fig. 6](#f0030){ref-type="fig"}C and D). These observations indicate that Ca^2+^ depletion activates Cx43 hemichannels.

Several previous studies showed that hemichannel opening led to extracellular loss of the major antioxidant GSH [@bib15], [@bib18]. We speculated that the loss of GSH via hemichannels might weaken cell defense against oxidative stress, thus exaggerating the disruption of cell junctions. To test this hypothesis, we first confirmed the loss of GSH through hemichannels. [Fig. 6](#f0030){ref-type="fig"}E shows that Ca^2+^ depletion caused extracellular efflux of GSH, the level of which was significantly higher in Cx43^+/+^ fibroblasts than Cx43^−/−^ cells. Inhibition of hemichannels largely prevented extracellular release of GSH ([Fig. 6](#f0030){ref-type="fig"}F).

Then we proceeded to determine the role of GSH by supplement of cells with GSH or its precursor N-acetylcysteine (NAC). [Fig. 7](#f0035){ref-type="fig"} show that GSH and NAC significantly attenuated Ca^2+^ depletion-induced alteration in cell morphology and F-actin rearrangement ([Fig. 7](#f0035){ref-type="fig"}A and B), suppressed the protein carbonyl modification, tyrosine phosphorylation and activation of oxidative sensitive kinase P38 and JNK ([Fig. 7](#f0035){ref-type="fig"}, C-E), and prevented the reduction in pan-cadherin level and FAK phosphorylation ([Fig. 7](#f0035){ref-type="fig"}F). These observations indicate that Cx43 hemichannel-mediated loss of GSH contributes to the oxidative stress and disassembly of cell junctions.

4. Discussion {#s0105}
=============

In this study, we demonstrated that Cx43 hemichannels mediated Ca^2+^ deprivation-elicited disassembly of cell junctions. Furthermore, we provided evidence that this effect of hemichannels was through regulation of cellular oxidative status. Our study thus provides novel mechanistic insight into the regulation of cell junctions under pathological situations and suggests that strategies against Cx channels could be developed to limit the disruption of cell barrier.

Ca^2+^ is indispensable for maintenance of normal structure and function of cell junctions. Removal of extracellular Ca^2+^ disrupts cell junctions. It is, in fact, a simple and extensively used model for investigating the mechanisms implicated in the disassembly of cell junctions [@bib48]. Lowering extracellular Ca^2+^ also activates hemichannels. Structural and functional studies revealed that Ca^2+^ depletion resulted in an enhanced diameter of outer hemichannel pore [@bib49] and an increased exchange of small molecules between the intra- and extracellular environments [@bib19], [@bib37]. The concomitant induction of hemichannel opening and cell junction disassembly by Ca^2+^ depletion made it an ideal model to correlate their relationship. Taking advantages of this model, we observed that hemichannel opening occurred earlier than the disassembly of cell junctions and that blockade of hemichannels with chemical inhibitors or downregulation of Cx43 with siRNA attenuated the disruption of cell junctions. These observations thus indicate that Cx channel activity contributed to the disassembly of cell junctions.

In this study, we have used heptanol and lindane to block Cx channel activities. These inhibitors have different chemical structure and inhibit the channel activity through different mechanisms. Heptanol blocks connexin channel formation through decreasing the open probability of the channels [@bib50], whereas lindane works by regulating multiple intracellular signaling molecules [@bib19], [@bib51]. Although these inhibitors also have other nonspecific actions, the observed effects were most likely the result of their common inhibitory actions on Cx channels. In line with this notion, downregulation of Cx43 with siRNA achieved the similar effects. Of note, lindane, heptanol and Cx43 siRNA also interfere with GJ channels [@bib15], [@bib19], [@bib29], [@bib31], [@bib37], [@bib39]. In this study, it appeared that hemichannels played a major role, because suramin, a purinergic receptor antagonist that is known to potently suppresses hemichannel activity without great influence on GJIC [@bib37], attenuated the calcium-depletion-elicited reduction in pan-cadherin and extracellular release of ATP and GSH, in a way similar to lindane and heptanol.

Oxidative stress is one of the major mechanisms behind the disassembly of cell junctions [@bib22], [@bib44], [@bib52], [@bib53], which underlies many types of barrier dysfunction in various tissue and organs under a wide range of pathological situations, including ischemia, inflammation and metabolic inhibition. In this study, the disassembly of cell junctions was preceded by the occurrence of oxidative stress, as indicated by the elevated level of protein carbonyl modification and activation of oxidative sensitive kinases, P38 and JNK. Furthermore, inhibition of oxidative stress limited the dysfunction of cell junctions. Our observations thus pointed to a causative role of oxidative stress in the disruption of cell junctions under Ca^2+^ -free condition. Intriguingly, inhibition of Cx channels with chemical inhibitor or Cx43 siRNA affected cell junctions and the related molecular events in a way similar to the antioxidants, implying that it might be work through modification of intracellular redox status.

The question naturally occurs as to how hemichannels influenced intracellular redox status. One possible explanation was that activation of hemichannels led to the extracellular loss of small molecules that are indispensable for the maintenance of intracellular redox status, such as GSH, ATP and NAD^+^ [@bib15], [@bib18], [@bib19]. In this study, GSH might play a key role. As a major oxygen radical scavenger, GSH provides the first line of defense against oxidative stress and cell injury. The loss of GSH through hemichannels, as demonstrated in this study and several previous reports [@bib15], [@bib18], [@bib54], may weaken the cellular defense against oxidative stress. In agreement with this notion, Cx43^+/+^ fibroblasts exhibited severer oxidative stress than Cx43^-/-^ cells. In addition, supplement of cells with GSH indeed attenuated the stress-elicited modification of protein carbonyls and activation of oxidative sensitive kinases. Besides GSH, hemichannel-derived ATP could also contribute to the altered redox status. We have recently documented that extracellular ATP derived from hemichannels negatively regulated AMPK, an energy sensor that has anti-oxidative property [@bib19] and has been reported to regulate both disassembly and assembly of TJs in epithelial cells [@bib55].

It is worth mentioning that intercellular GJs also regulate intracellular redox status. Previous reports have shown that GJs promoted oxidative cell injury through intercellular transmission of Ca^2+^ and free radicals [@bib56], [@bib57]. In addition, Cx43 also regulates intracellular oxidative status through communication-independent mechanisms. We have reported a potential implication of Cx43 in the regulation of NADPH oxidase [@bib31], an enzyme that catalyzes the production of superoxide from oxygen and NADPH. In addition, we have recently identified thioredoxin-interacting protein (TXNIP) as a target of Cx43, contributing to the regulatory effects of Cx43 on oxidative drug injury [@bib29]. Interestingly, both NADHP oxidase and TXNIP have been reported to be involved in the disassembly of tight and adherens junctions [@bib58], [@bib59]. Thus, regulation of these molecules by Cx channels could also contribute to the observed effects in this investigation.

The role of hemichannels in the disassembly of TJs might promote one to speculate that pannexin channels, which are similar to Cx hemichannels in structure and function [@bib60], could also be involved in the control of TJs. Although this possibility cannot be excluded, it was less likely to occur in our experimental setting, because NRK cells used in this study was reported to be pannexin-deficient [@bib61]. More detailed analysis using other cell types may help answer the question. It is also worth mentioning that several recent studies have characterized NLRP3 inflammasome as an underlying mechanism behind the disassembly of cell junctions in several pathological situations [@bib62], [@bib63]. Given that intracellular redox status, TXNIP level, and hemichannel activity are all implicated in the regulation of NLRP3 activation and inflammasome formation [@bib60], [@bib63], involvement of this mechanism in our experimental system is highly probable. This hypothesis needs to be validated in the future.

In conclusion, we demonstrated that Cx43 channels contribute to low Ca^2+^-elicited disassembly of cell junctions through regulation of cellular oxidative status. Our study thus characterized Cx43 channel as a presently unrecognized factor implicated in the regulation of cell junctions. Given many pathological stimuli that disrupt cell junctions also activate hemichannels, targeting hemichannels could be developed to limit the loss of barrier integrity.
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![Ca^2+^ depletion causes disruption of epithelia barrier. Influence of Ca^2+^ deprivation on junctional protein expression (A, B) and function (C). NRK-E52 cells were exposure to Ca^2+^-free medium for the indicated time and subjected to immunofluorescence for ZO-1 (A), Western blot analysis for pan-cadherin (B) and TER measurement (C). β-actin in B was used as a loading control. Data shown in C are mean ± SE (n=5;\* *P*\<0.01 vs. control).](gr1){#f0005}

![Cx43 hemichannels contribute to Ca^2+^ depletion-elicited disruption of epithelia barrier. (A--C) Effect of Cx43 inhibitors on junctional protein expression and function. NRK-E52 cells were pre-treated with 3 mM heptanol and 100 μM lindane for 20 min before exposed to Ca^2+^-free medium for an additional 1 h (A) or 30 min (B, C). Cells were subjected to immunofluorescence for ZO-1 (A), Western blot analysis for pan-cadherin (B) and measurement for TER (C). Data shown in C are mean ± SE (n=3; \# *P*\<0.05 vs. control). (D, E) Downregulation of Cx43 with siRNA on junctional protein expression and function. Cells were transfected with control siRNA (siControl) or siRNA against Cx43 for 48 h before exposing to Ca^2+^-free medium for the indicated time (D) or 30 min (E). Cellular lysates were subjected to western blot analysis for cadherin or Cx43 (D). Epithelial barrier function was analyzed through measurement of TER (E). Data are mean ± SE (n=4; \# *P*\<0.05 vs. siControl). (F) Effect of suramin on Pan-cadherin expression. NRK-E52 cells were pre-treated with 200 μM suramin or 100 μM lindane for 20 min before exposed to Ca^2+^-free medium for an additional 30 min. Cellular lysates were subjected to Western blot analysis for pan-cadherin.](gr2){#f0010}

![Cx43 contributes to Ca^2+^ depletion-induced cell shape change and disassembly of AJs in fibroblasts. (A-C) Different responses of Cx43^+/+^, Cx43^+/−^ and Cx43^−/−^ fibroblasts to Ca^2+^ depletion-elicited changes in cell shape, cytoskeleton organization and pan-cadherin level. (A) Fibroblasts were exposed to Ca^2+^-free medium for 24 h. Cells were then loaded with 100 nM calcein for 1 h and cell morphology was photographed. (B) Fibroblasts were exposed to the Ca^2+^-free medium for 10 h and subjected to phalloidin staining for F-actin (red, B). (C) Fibroblasts were exposed to Ca^2+^-free medium for 3 h. The cellular proteins were immunoblotted for pan-cadherin, Cx43 and β-actin (C). (D-E) Inhibition of Cx43 hemichannels on cell shape change and pan-cadherin level in Cx43^+/+^ fibroblasts. (D) Cx43^+/+^ fibroblasts were exposed to Ca^2+^-free medium for 24 h in the presence or absence of 3 mM heptanol or 100 μM Lindane. Cells were then loaded with 100 nM calcein for 1 h and cell morphology was photographed. (E) Cx43^+/+^ fibroblasts were exposure to Ca^2+^-free medium for 3 h and cellular lysates were subjected to Western blot analysis for pan-cadherin (E).](gr3){#f0015}

![Cx43 participates in Ca^2+^ depletion-induced modification of tyrosine phosphorylation and protein carbonyl. (A, C) Different responses of Cx43^+/+^, Cx43^+/−^ and Cx43^−/^− fibroblasts to Ca^2+^ depletion-induced tyrosine phosphorylation and protein carbonyl. Cells were exposed to Ca^2+^-free medium for the indicated time intervals. Cellular lysates were subjected to Western blot analysis for phosphorylated tyrosine (phosphotyrosine) (A) and protein carbonyl (C). (B, D) Effects of hemichannel inhibitors on Ca^2+^ depletion-induced changes in tyrosine phosphorylation and protein carbonyl modification in Cx43^+/+^ fibroblasts. Cells were exposed to Ca^2+^-free medium for 3 h in the presence or absence of 3 mM Heptanol or 100 μM Lindane. Cellular protein was immunoblotted for phosphorylated tyrosine (B) and protein carbonyl (D).](gr4){#f0020}

![P38 and JNK mediate hemichannel-induced cell shape change and disassembly of AJs. (A, B) Influence of Cx43 channels on Ca^2+^ depletion-induced phosphorylation of P38 and JNK. (A) Cells were exposed to Ca^2+^-free medium for the indicated time intervals. Cellular lysates were subjected to Western blot analysis for phosphorylated P38 and JNK. (B) Cells were exposed to Ca^2+^-free medium for 3 h in the presence or absence of 3 mM Heptanol or 100 μM Lindane. Cellular protein was immunoblotted for phosphorylated P38 and JNK. (C-E) Influence of p38 and JNK on Ca^2+^ depletion-elicited changes in cell shape, cytoskeleton and pan-cadherin level. (C) Cx43^+/+^ fibroblasts exposed to Ca^2+^-free medium in the presence or absence of 25 μM SB203580 or 25 μM SP600125 for 24 h. Cells were then loaded with 100 nM calcein for 1 h and photographed. (D, E) Cx43^+/+^ fibroblasts were treated the same as above for 10 h and 3 h, respectively. Cells were then subjected to phalloidin for F-actin (D) and Western blot analysis for pan-cadherin (E).](gr5){#f0025}

![Removal of extracellular Ca^2+^ activates Cx43 hemichannels and causes extracellular release of GSH. (A) Difference in LY uptake among Cx43^+/+^, Cx43^+/−^ and Cx43^−/^− fibroblasts. Fibroblasts were exposed to either normal or Ca^2+^-free medium that contained 0.1% LY for 15 min. The cellular uptake of LY was photographed. (B) Cx43^+/+^ fibroblasts were pre-treated with or without 3 mM heptanol, 100 μM lindane, or 200 μM suramin for 20 min. Cells were then exposed to normal or Ca^2+^-free medium that contained 0.1% LY for an additional 15 min (C) Difference in ATP release among Cx43^+/+^, Cx43^+/−^ and Cx43^−/−^ fibroblasts. Fibroblasts were exposed to either normal or Ca^2+^-free medium for 15 min. ATP activity in culture supernatants was measured. Results shown are mean ± SE (n=5;\* *P*\<0.01). (D) Cx43^+/+^ fibroblasts were pre-treated with or without 3 mM heptanol, 100 μM lindane, or 200 μM suramin for 20 min. Cells were then exposed to normal or Ca^2+^-free medium for 15 min. Supernatants were collected and assayed for ATP activity. Results shown are mean ± SE (n=4;\* *P*\<0.01; \# *P*\<0.05). (E) Difference in GSH release between Cx43^+/+^ and Cx43^−/−^ fibroblasts. Fibroblasts were exposed to normal or Ca^2+^-free medium for 30 min (F) Cx43^+/+^ fibroblasts were pre-treated with or without 3 mM heptanol, 100 μM lindane, or 200 μM suramin for 20 min. Cells were then exposed to normal or Ca^2+^-free medium for 30 min. GSH in culture supernatants were measured. Results are expressed as percentage of normal Ca^2+^ control (mean ± SE; n=4;\* *P*\<0.01; \# *P*\<0.05 vs. Ca^2+^-free control).](gr6){#f0030}

![Supplement of cells with GSH counteracts Ca^2+^ deprivation-elicited changes in cell shape and related molecular events. (A-B) Effect of exogenous GSH on Ca^2+^ depletion-induced changes in cell shape and cytoskeleton organization. (A) Cx43^+/+^ fibroblasts exposed to Ca^2+^-free medium in the presence or absence of 2 mM GSH or NAC for 24 h. Cells were then loaded with 100 nM calcein for 1 h and photographed. (B) Cx43^+/+^ fibroblasts were treated the same as above for 10 h and subjected to phalloidin for F-actin. (C-F) Influence of GSH on Ca^2+^ depletion-induced changes in structural and functional proteins. Cx43^+/+^ fibroblasts pre-treated with 2 mM GSH and 2 mM NAC for 20 min before exposed to the Ca^2+^-free medium for 3 h (C, D, F) or 1 h (E). Cellular lysates were subjected to western blot analysis for carbonyl groups (C), tyrosine phosphorylation (D), P38 and JNK (E), as well as Pan-cadherin and p-FAK (F).](gr7){#f0035}
